Despite many studies, detailed physical mechanism of local anesthetic function is still unclear.
INTRODUCTION
Because it is important to understand the physical mechanism of functional expression of anesthetics in the pharmacology, the effect of anesthetic molecules on biological membrane containing ion channels has been studied for many years. For instance, effect of chloroform and other general anesthetics on sodium current in a squid giant axon and interactions of chloroform and/or benzyl alcohol with lipid bilayer have been studied by using experimental and/or simulation methods [1] [2] [3] [4] [5] .
Recently, local anesthetics have especially been paid attention and studied. A lot of studies have reported that local anesthetics affect the sodium current across the cell membrane [6] [7] [8] [9] [10] [11] [12] . In addition, interaction between anesthetics and lipid bilayer which surrounds the ion channels has also been studied because it is suggested that the perturbation of the lipids due to invasion of the anesthetics disturbs the function of ion channels [13] [14] [15] [16] [17] . Furthermore, the effect on lipid-raft domains, which are mainly composed of saturated lipids, cholesterol and membrane proteins such as ion channels, and are dispersed in the cell membranes (believed to be a kind of phase separation) [18] should be investigated in order to clarify the detailed mechanism of local anesthetic function because the lipid rafts are believed to play important roles in the various cell functions [18] . Therefore, the phase-separated liposome with the raft-like domains has been used as a simple model system of cell membrane for studies of interactions between local anesthetics and lipid bilayers [19, 20] . However, the detailed physicochemical mechanism of functional expression of local anesthesia is still unclear.
Large phase-separated liposome, that is observable by optical microscope, is useful for the direct investigations of the raft-like domains. The multi-component liposome is commonly known to be separated into two or three phases due to difference of thermodynamical properties of their lipids, and the phase-separated domains of large liposome are observable by fluorescence microscopy with a dye which is only incorporated into a certain phase [21] [22] [23] [24] [25] [26] .
Indeed, large phase-separated liposome has been used for many studies of the lipid membranes, and the physical properties of the lipid membrane have been revealed [21, [23] [24] [25] [26] [27] [28] [29] .
In the similar cases to the present study, the large liposome and cell-derived giant plasma membrane vesicle (GPMV) which is similar to the multi-component liposome are also used as a model system. For example, it has been reported that vitamin E, Triton-X 100, and benzyl alcohol affect the phase morphology of large multi-component liposomes [30] . Gray et al. have also reported that the general anesthetics including alcohols reduce the miscibility transition temperature, T c , of GPMVs [31] . However, a direct observation of the influence of local anesthetics on the phase behavior of large liposome has not been reported.
In the present study, we investigated the influence of dibucaine hydrochloride (DC·HCl), one of the commonly used local anesthetics, on phase behavior of liposome composed of dioleoylphosphatidylcholine (DOPC), dipalmitoylphosphatidylcholine (DPPC), and cholesterol (Chol). The DOPC/DPPC/Chol liposome is one of the famous systems and is known to be laterally separated into liquid-ordered (Lo) and liquid-disordered (Ld) phases under certain conditions [32] . The Lo phase, mainly composed of DPPC and Chol, represents the raft-like domain, and the Ld phase is DOPC-rich region [32] . We calculated angle-averaged two-dimensional autocorrelation (2D-AC) function of images of liposomes with three concentrations of DC·HCl at various temperatures in order to estimate the change in T c due to the effect of DC. The results indicate that the DC molecules reduce the T c of ternary liposome.
The 2D-AC and/or angle-averaged 2D-AC functions have been widely used in the various fields such as biology [33] and physics [34, 35] . In addition, the angle-averaged 2D-AC analysis was performed in order to clarify the correlation length of GPMV surface in the similar study to this article [36] . However, to our knowledge, this is the first report of quantitatively demonstrating the change in T c of ternary liposome due to addition of local anesthetics by calculating the angle-averaged 2D-AC function of membrane domain patterns.
MATERIALS AND METHODS

Materials
Dibucaine hydrochloride (DC·HCl), DOPC (chain melting temperature, T m ≈ −18
• C) [37] , [37] , Chol and chloroform were purchased from Wako Pure Chemical Industries, Ltd. (Japan). The chemical structure of DC is described in Figure 1 . Methanol was purchased from Showa Chemical Industry Co., Ltd. (Japan). Rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (rhodamine DHPE, λ ex = 560 nm, λ em = 580 nm), fluorescent phospholipid, was obtained from Invitrogen (U.S.A.). Ultra-pure water was obtained using a WT101UV AUTOPURE (Yamato Scientific Co., Ltd., Japan).
Preparation of Ternary Liposome
We prepared liposomes using the natural swelling methods [38, 39] , The lipids of DOPC/DPPC/Chol = 50/25/25 (mol%) with 0.5 mol% of rhodamine DHPE were dissolved in mixture solvent of chloroform and methanol with a volume ratio of 2:1. Then, we removed the organic solvents through an air flow and placing the sample in an aspirated desiccator for more than 8 hours in order to make a dry lipid film. Finally, liposomes formed through hydration of the lipid film with the ultra-pure water at 37
• C for more than 24 hours. The lipid concentration was 0.2 mM. sample was placed on a copper plate, and the temperature of the plate was controlled using a peltier device (deviation < 0.1 • C) with monitoring the plate temperature using a thermistor probe placed in the copper plate (under the sample). We put a thin layer of thermal grease between the sample cell and the copper plate in order to keep the high thermal conduction from the plate to the sample. The sample placed on the plate was incubated for more than 10 minutes in order to archive the thermal equilibrium state before observation and was observed using a fluorescence microscope BX40 (Olympus, Japan) through a objective lens of 40× at various temperature. We recorded the microscopic images using a digital camera DP73 (Olympus, Japan). Excitation-light irradiation (λ max = 546 nm) was applied using a Hg lamp through a WIG filter set (Olympus, Japan).
Analysis of microscopic images
We calculated the angle-averaged 2D-AC using a macro program of the ImageJ [40] , First, fluorescence microscopic images of liposome surface were cut into 64 × 64 pixels and were 
Calculation of Lo-domain circularity
The circularity was also calculated using ImageJ [40] , We transformed the microscopic images to binary images in order to obtain the phase boundary of Lo/Ld. The circularity, dimensionless parameter, of the Lo domains was defined as
where the π is the ratio of the circumference of a circle to its diameter, A is a area of Lo domain, and l is a perimeter of Lo domain. The circularity of 1 corresponds to perfect circle. We calculated the circularity in order to estimate the change in line tension of phase boundary in the case of T = 20
• C.
RESULTS AND DISCUSSION
We observed the DOPC/DPPC/Chol liposomes with 0, 0.05, and 0.2 mM of DC·HCl at T = 20, 25, 30, 35, and 40
• C in order to confirm the influence of DC·HCl on phase behavior of the ternary liposomes. Figure 2 shows the typical microscopic images at each condition. Since rhodamine DHPE is mainly localized in Ld phase of the phase-separated systems [25, 41] , the dark region corresponds to DPPC-and Chol-rich domain (Lo, raft-like domain) while the bright region corresponds to DOPC-rich domain (Ld). Image 1 described in the Figure 2 shows the phase-separated liposome with scattered Lo domains. The number of phase-separated liposome was reduced with increasing temperature (images [1] [2] [3] [4] [5] (not charged lipids) [25, 26] .
In order to quantify the phase behavior, we calculated the 2D-AC functions of domain pattern in the ternary liposomes. Figures 3(a, c, shown in Figure S1 . The results indicate that the ratio of the phase-separated liposomes is reduced with increasing temperature. In the case of the 0.2 mM, dispersion of the values at r ≈ 0.25 µm is smaller than that of two other concentrations because the differences of ratio of phase-separated liposomes between three temperatures seem to be smaller than that of 0 and 0.05 mM.
Since we need further informations in order to quantitatively confirm the effect of DC·HCl molecules on miscibility transition temperature, T c , FFT of the G(r)/G(0) curves of individual liposomes was calculated. Figures 4(a, b, and c) show the Fourier spectrum of the G(r)/G(0) curves at 0, 0.05, and 0.2 mM, respectively (n ≥ 10). Fourier amplitude of phase-separated liposome at wavenumber k ≈ 0.3 and 0.6 µm −1 tends to have larger value due to Lo domains than that of one-phase one as shown in Figure S1 , where the wavenumber k ≈ 0.3 and 0.6 µm −1 correspond to wavelength λ ≈ 3.3 and 1.7 µm, respectively. Therefore, the values of the Fourier amplitudes depend on the rate of phase-separated liposomes.
The amplitudes at k ≈ 0.3 and 0.6 µm −1 are reduced with increasing temperature at all concentrations. In addition, largest distance point of Fourier amplitudes corresponds from 30 to 35
• C at 0 mM (Figure 4(a) ), while the points correspond from 20 to 25
• C at 0.05 and 0.2 mM (Figures 4(b and c) ). This indicates that the DC·HCl molecules reduce the T c because it is considered that such largest distance point roughly corresponds to T c .
Furthermore, relation between Fourier amplitude and temperature was shown in Figure 5 . In this study, we demonstrated the change in T c of DOPC/DPPC/Chol liposome due to effect of DC·HCl molecules. We discuss the cause of change in T c by calculating a circularity of the Lo domains. Figure 6 shows the circularity, 4πA/l 2 , at 20
• C. The circularity is reduced with increasing the DC·HCl concentration. This suggests that the line tension of the Lo/Ld phase boundary is reduced with the DC·HCl concentration because the domain circularity is related to line tension of phase boundary [42] . In other words, the DC molecule induces the reduction of line tension of phase boundary. It was previously
shown that the DC molecules has an ability to invade the lipid bilayers [43] , which led us to consider this possibility in the case of DOPC/DPPC/Chol systems, and the effect of HCl is ignorable as described above. In addition, line-tension change induced by incorporation of other molecules was reported by several groups [44, 45] . Therefore, it is considered that the insertion of the DC molecules into bilayers induces the reduction of the line tension.
Previously, line tension of the phase boundary was expressed as
where the σ is a line tension of the Lo/Ld phase boundary, and the ν is a critical exponent [21, 46] . In terms of this equation, the miscibility transition temperature, T c , is reduced with the decrease in the line tension, σ, when the temperature of the system, T , is constant.
Therefore, it is considered that the insertion of the DC molecules into bilayers induces the reduction of the T c ( Figure 5 ) through the reduction of the line tension.
A similar studies to the present work suggested that the general anesthetics disturb the phase separation of liposome and GPMV (reduction of T c ) by using the neutron diffraction and/or X-ray diffraction methods [47, 48] and the direct observation [31] . It is believed that the behavior in these previous studies is also induced by insertion of the anesthetic molecules to bilayers. Actually, Hamada et al. have reported that photoisomerization of the azobenzene derivative reversibly switches the phase pattern due to change in lateral line tension [49] . 
